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INTRODUCTION

1

Abstract
The electrowetting effect describes the change in contact-angle between a
solid surface and electrolyte in response to an applied electric potential difference.
Given a planar array of individually-actuated electrodes, electrowetting can be
used to transport, mix, and separate picoliter to microliter-sized droplets of liquid
on a dielectric layer. Applications of this phenomenon range from lab-on-a-chip
and other microfluidic devices to liquid lenses capable of altering their topology
and focus within milliseconds. The Young-Lippman equation is generally used to
quantify this effect, and describes the contact-angle of a droplet based on an
applied voltage [1].

The goal of this project is to extend prior work simulating the dependence of
droplet velocity on actuation voltage and demonstrate observed physics on a
physical platform. The simulation portion of this project will model the
electrowetting effect and attempt to recapitulate experimental observations by
comparing the Young-Lippman model to one derived from general electromagnetic
forces on the droplet. In conjunction, it aims to fabricate and verify the function
and limitations of a physical device for conducting these tests. This device is based
on the open-source OpenDrop V3 platform, available from GaudiLabs [2]. In
doing so, this project will provide Cal Poly with a functional and well-tested digital
microfluidics platform for biology and other research.
2

Background
Electrowetting concerns droplets of particularly wetting liquids (typically
aqueous salt solutions with a volume of under 0.5 mL) on planar solid substrates.
The ambient medium is generally air, though mineral oils are also used to separate
the dielectric layer and electrode. With this setup (see Figure 1), the surface tension
of the liquid exceeds the force of gravity, and the behavior of the droplet is
determined by either surface tension alone or an applied external field. The YoungLippman model is commonly used to theoretically describe the motion of such a
droplet and its change in contact angle, though electromechanical and
thermodynamic approaches are also sometimes taken [1].

Figure 1. Diagram of Electrowetting on Dielectric [4]

Though the Young-Lippman model accurately predicts the contact angle of a
droplet in the presence of an applied voltage for low voltages, it breaks down at a
threshold voltage, determined by the parameters of the utilized setup and dielectric.
3

As such, other models must be looked into or applied in conjunction in order to
recapitulate experimental results observed in past work. Numerical simulations in
COMSOL Multiphysics are the proposed method of verifying the developed model
(see Figure 2).

Figure 2. Electrowetting Numerical Simulation

Digital microfluidics refers to the handling of micro-sized cell based
quantities of fluid [6]. More specifically, the connotation of DMF has come to refer
to the handling of these droplets on an array of electrically actuated electrodes.
These electrodes are generally laid out in an array and are activated with high
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applied voltages to move, split, or merge droplets of interest. The GaudiLabs
OpenDrop, shown in Figure 3, is an open-source platform designed to enable these
operations.

Figure 3. The OpenDrop Experiment [5]

Such a portable device allows for flexible biological experiments that are
both repeatable and completely customizable. By fabricating an OpenDrop system
for Cal Poly and testing its functionality with the available environment and
resources, this project aims to facilitate the use of a variety of research methods
and techniques in Cal Poly’s electrical and biomedical engineering departments.

5

Project Description
This project will investigate an alternate model for electrowetting theory
using the electrostatic Maxwell stress tensor, which describes the interaction
between electromagnetic forces and mechanical momentum instead of the contactangle between a solid and electrolyte interface. Though this model will not account
for the droplet’s deformation from the applied potential (see Figure 4), we
hypothesize that it will corroborate the results of the Young-Lippman equation and
thus provide a superior model for high voltages. The results of this model will be
verified using the aforementioned COMSOL simulations, and compared to
experimental observations from the OpenDrop system.

Figure 4. Droplet Deformation under a Voltage Potential [7]
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Though prior work has investigated the dependence of droplet velocities and
contact angles for a range of applied voltages for a variety of different dielectrics
and thicknesses on the OpenDrop system [9], it hasn’t compared obtained results to
a theoretical model. This project aims to accomplish this while verifying and
troubleshooting one of the first OpenDrop devices fabricated at Cal Poly (similar
to Figure 5). As such, it proposes to open the path to further projects and testing
using the system.

Figure 5. OpenDrop V3 Digital Microfluidics Platform

7

PROJECT PLANNING
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Technology / Product / Market Research
Many methods of mixing and fluid manipulation exist in microfluidics, one
example being rapid mixers that flow fluids through microchannels and mix them
with high molecular uniformity (see Figure 6). However, they require large sample
sizes and generally cannot manipulate micro- or nano-liter sized droplets with the
precision of digital microfluidics. Competitive devices implementing
electrowetting, of which the PortaDrop is the only other option, are bulky and
require large quantities of components and power. The OpenDrop platform is
unique in its compact size yet precise actuation of a large array of electrodes.

Figure 6. Rapid Microfluidic Mixer [13]
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Device such as the PortaDrop operate on external boards such as the
Raspberry Pi and require the user to program them on their own [10]. As such, they
are difficult to set up and require experience with the utilized platform.
Additionally, they aren’t available as a unified device and interested labs must
design and/or construct them. OpenDrop resolves these issues by offering a
singular device with open source plans for each part and design required.
Additionally, it is fully customizable and a software has already been developed for
electrode actuation in a past senior project [14].

The depth of available documentation and verification of devices and
models are significant factors for labs looking to purchase new technologies or
devices related to their field. This project, through its provision of a verified
theoretical model for electrowetting that will be tested on a physical platform, will
provide a more concrete reference for the electrowetting phenomenon.
Additionally, it will provide Cal Poly with a tested digital microfluidics platform
for future use in relevant research.

10

Customer Archetype
By developing a more accurate model of electrowetting and demonstrating it
on an affordable digital microfluidics platform, we can market towards three types
of customers: microfluidics researchers looking for precise methods of droplet
manipulation, medical laboratories looking for a platform to conduct digital
microfluidics tests, and hobbyists interested in digital microfluidics.

Customer Type

Description

Motivation

Project Impacts

Microfluidics
Researchers

Researchers looking
to improve their
digital microfluidic
devices for use in
various research
projects.

They require an
accurate theoretical
model of the
electrowetting effect
and the means to
reproduce it.

This project will
recapitulate
experimental and
simulated models of
electrowetting and
provide them with a
reproducible
demonstration of the
effect on a physical
platform.

Medical Laboratories

Scientists looking for
a precise platform to
conduct microfluidics
tests and mix/
manipulate small
quantities of liquids or
biological samples.

They require a welldocumented and
tested device with the
capability to produce
high droplet velocities
and precise actuation.

The physical
component of this
project will verify the
OpenDrop design and
thoroughly test its
advertised potential.
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Hobbyists

People interested in
digital microfluidics
and looking for an
affordable and welldescribed platform
they can order or
fabricate.

They require
documentation on the
features and proper
usage of the
OpenDrop device, and
potentially theoretical
explanations of the
effect the device
demonstrates.

This project will
provide them with
detailed testing of the
OpenDrop platform. A
thorough comparison
between theoretical
and experimental
results will also be
provided.

Table 1. Customer Archetype

PortaDrop: operates via a Raspverry Pi.
Includes a touchscreen and option for a
camera in a large acrylic housing with a
maximum high voltage stability up to
400 V [10].

Microfluidic ChipShop: sells various
microfluidics products including
droplet generation and sorting chips.
Kit prices start at $500 and prices for
custom fabrication vary based on
desired specifications [11].
GaudiShop: designer of the opensource platform we are using. Sells
various electronic and microfluidic
devices, including the OpenDrop V4 for
$1100. [2]
Table 2. Digital Microfluidics Platforms and Competitors
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The OpenDrop does not have many competitors, and similar devices either
aren’t for sale or must be ordered from microfluidic device manufacturing
companies. It is sold for $1100, but can be fabricated for a cheaper cost (based on
the services and vendors used), as we did for this project. Costs and access to
equipment can be a significant barrier in some research, and we aim to mitigate
this through our provision of a functional OpenDrop device to the electrical and
biomedical engineering departments at Cal Poly.

Marketing Description
OpenDrop provides a gold-coated 14x8 array of electrodes, 2.75 square
millimeters in size. It has the ability to drive these electrodes with both AC and DC
voltage, and up to 300V [8]. It features electronic settings for voltage level,
frequency, and AC/DC selection with all of these controllable from a graphical
interface [3]. With a single connector for data communication and power, it is easy
to setup and operate.

Additionally, the OpenDrop V3 has optical isolation of high-voltage
electronics for maximum operational stability and resilience to noise. It supports a
flat OLED display for actuation control and offers various feedback mechanisms,
among other features. As such, it is a versatile and powerful device with a broad
range of applications [8]. Through the interface developed by a past senior project
13

[3], the device we fabricate will be fully configurable through an easy-to-use
system.

The current cost of fabricating or purchasing such a device is high, though
the use of Cal Poly’s fabrication facilities have lowered it significantly. With the
initial successful fabrication and subsequent testing of the OpenDrop system
though, this project will provide a framework for any future projects relating to
digital microfluidics.

Figure 7. OpenDrop Internal Components
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Business Model Graphic:
This project will not be sold and instead published and presented as research.
As such, our business model (Figure 8) focuses on spreading our work with novel
electrowetting models through scientific journals and conferences.

Figure 8. Business Model Graphic
15

Marketing Requirements and Engineering Specifications
Microfluidics is a growing market in biomedical engineering and projected
to reach a market size of over $7 billion by the end of 2026 [12]. Of course, it is a
broad field and the focus of this project is on digital microfluidics. This market
presently consists primarily of researchers, medical laboratories, and the occasional
hobbyist. As the device fabricated for this work is open source and thus cannot be
monetized, the purpose of our marketing will simply be to spread our work and
enhance the field’s understanding of the electrowetting effect. Additionally, we will
work to promote the OpenDrop system for use in microfluidics research taking
place at Cal Poly.

To satisfy the needs of our target market, the fabricated device and
accompanying simulations must meet a host of specifications. The unit must take
up less than 1 square foot in area to fit on a lab bench, and provide a large array of
electrodes (112) to enable the manipulation of multiple fluids and reagents for use
in biological assays, for instance. It should include multiple test pads to allow users
to probe the high voltage rails and input data pins for troubleshooting.
Additionally, it should successfully interface with its graphical user-interface
through its integrated USB-C port and potentially include a functional display.
Finally, the simulations employed should predict experimentally observed droplet
motion with an error in estimated velocity of less than 10%.
16

Marketing Datasheet Graphic
The above is summarized in the below graphic. Primarily, we aim to answer
electrowetting theory concerns posed in prior work and target scientific journals.

Figure 9. Marketing Datasheet
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The primary requirements the fabricated OpenDrop system must meet are:
ease-of-use, accessibility, and precise actuation. These mimic or exceed the
features offered in available offerings such as the PortaDrop [10]. Table 3 describes
these requirements in more detail.

Requirement

Description

Easy to set up and use

The fabricated microfluidics platform
should be easy to use and require
minimal setup. This entails a system
with a replaceable cartridge for the
application of dielectrics and a single
port for power and data transfer.

Accessible

Any testing and results should be welldocumented and published in a journal
such as Biosensors or Microfluidics and
Nanofluidics. The platform should be
affordable and easily acquirable or able
to be fabricated by hobbyists and
researchers alike.

Precise Actuation

There should be a sufficient number of
electrodes on the chip to allow for the
precise movement and manipulation of
droplets. These electrodes should also
apply a voltage within 5% of the
inputted value.
Table 3. Top Level Marketing Requirements
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Easy to Use
Easy to Use
Accessible
Precise
Actuation

Accessible

Precise
Actuation

1 1/2
1/2
0

Weight
1

0.17

1

1

0.17

0

1

0.66

Table 4. Pairwise Comparison for Top Level Marketing Requirements

These requirements and their sub-categories are described in the marketing
requirement hierarchy in Figure 10.

Figure 10. Marketing Requirement Hierarchy
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Schedule

Figure 11. Project Gantt Chart
20

Cost (BOM)
The parts for our OpenDrop device have already been funded by Cal Poly’s
Biomedical Engineering department in past iterations. If funding from the
electrical engineering department is required, it will be used for the components
listed in Figure 12.

Figure 12. OpenDrop Component Costs

The simulations developed for this project do not require any funding as Cal
Poly already owns licenses for the use of COMSOL Multiphysics. Any operating
costs (electricity) are negligible and thus omitted.
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Testing and Verification
Error in Estimate Velocity Under 10%:
The results obtained from the simulations and physical platform will be
compared with each other and various theoretical models will be tested to
determine the most accurate.

Actuate Electrodes with Voltages Up to 300V:
This is a functional test and a range of voltages will be tested to ensure the
device operates in the expected output voltage range.

Risk and Sensitivity
Many of the OpenDrop’s failure modes lie in its primary actuating or power
components. Some of the issues encountered at Cal Poly in prior iterations of the
device include faulty USB-C port connections or traces on the device PCB, and
inadequate contact between vital components and the PCB traces as a result of
human assembly error. However, user errors are also possible as a result of
inadequate documentation or improper usage. These will be mitigated through the
device and case’s robust construction and the provision of detailed warnings and
instructions.
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The OpenDrop device is well-tested and its sensitivity to component
tolerances has likely been tested by its designer (Gaudi Labs), though
documentation is not available on this. Given the complexity of the circuit, we did
not conduct a simulated sensitivity analysis on the device. As for the finite element
simulations, differences in mesh sizes of the droplet and electrodes can affect
simulation results, and the impact of these variables was tested. The ‘Extra Fine’
and ‘Normal’ mesh resolutions were used in the final simulations for the droplet
and electrodes, respectively.

23

DESIGN

24

Block Diagram and Requirements
The high level block diagram in Figure 13 displays the inputs and outputs of
the OpenDrop digital microfluidics platforms. The singular input is a USB-C port
for both power and data, while the primary outputs include the 112 electrodes,
indicator LEDs, voltage test pads, and OLED display. Table 5 includes detailed
descriptions of this functionality.

Figure 13. OpenDrop Level 0 Block Diagram

Module

Digital Microfluidics Platform

Inputs

-

Outputs

Functionality

USB-C Port: 5V DC Power + Data Transfer
Electrodes : 150 - 300V
Indicator LEDs : Power, High Voltage On/Off State
Voltage Test Pads: High-Voltage, Data, Blanking, Direction,
Latch Enable
OLED Display: 128 x 64

Individually actuate an array of 112 gold-plated electrodes
through electrode states received from a single USB-C cable
used for both power and data. Output useful data such as
voltage levels and actuation states on indicator LEDs, voltage
test pads, and an OLED display.
Table 5. OpenDrop Specifications and I/O
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The level 1 block diagram goes a layer deeper and includes the primary
driving components of the OpenDrop, including its high voltage boost converter,
driver, and microcontroller. The detailed specifications of these components are
included in Table 6.

Figure 14. OpenDrop Level 1 Block Diagram
Module

High Voltage Boost Converter

Inputs
Outputs

- Power: 5VDC
- High Voltage: 300 VDC

Functionality

Boost input 5VDC voltage to 300 VDC.

Module

High Voltage Driver

Inputs

- Power: 300 VDC
- 112x Electrodes

Outputs
Functionality

Individually drives up to 128 electrodes with a positive or
negative high voltage. Latched data outputs and push-pull
output buffers.

26

Module

Microcontroller

Inputs

-

Outputs

Functionality

Actuation States through USB-C
Indicator LEDs: see Level 0
Voltage Test Pads: see Level 0
128x64 OLED Display

Translates intended actuation from data input into appropriate
states for high voltage driver. Controls timing and voltage
levels for the driver. Outputs various test voltages and state
indications to LEDs and an OLED display.

Table 6. OpenDrop Subcomponent Specifications and I/O

Simulation Setup (Young-Lippman Model)
The initial model for this simulation was developed prior to this senior
project in November 2020. However, it did not converge and many variables of the
simulation were yet to be decided on. Through independent research of
electrowetting phenomenon and the Young-Lippman Model, the parameters in
Table 7 were chosen to model our experimental setup as accurately as possible.

PTFE Contact Angle with Water : θ0

107°

Surface Tension of Water : γ

73 mN

PTFE Relative Permittivity : ϵr

2.25 (Unitless)

Dielectric Thickness : d f

10 µm

Table 7. Young-Lippman Model Chosen Parameters
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The total surface tension on an electrolyte can be related to an external
0
effective applied voltage as γws = γws
−

CV2
. The Young-Dupre equation expresses
2

the contact angle of a droplet as a function of the total surface tension as
γws = γs − γw cos(θ ). Combining these two equations, the contact angle used in the

simulation was cos−1(cos(θ0 ) + ϵr ϵ0
function (θ (V ) = 0.5 − 0.5

V2
. Additionally, a sigmoidal smoothing
2γd f )

1
) was applied to the end of the function to
1 + e −V

eliminate discontinuities caused by the abrupt transition to a 0° contact angle (see
Figure 15).

Figure 15. Young-Lippman Model Contact Angle Definition and Plot
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The simulation’s geometry, shown in Figure 16, is modeled after the
OpenDrop system, and features 2.75mm square gold-coated electrodes separated
by 0.1016mm (4 mils). Though the thickness of the electrodes does not affect the
simulation's results, it is constrained to 1mm to reflect the approximate thickness of
the device PCB. A 10µL droplet with a spherical radius of 1.6839mm rests in the
center of the starting electrode, and on top of a 12µm ETFE
(Ethylenetetrafluoroethylene) film that extends 1mm below the top of the
electrodes. As there is no provided model for ETFE in COMSOL Multiphysics,
one was created using the material properties provided in AGC Fluon’s ETFE
brochure [15]. The system is surrounded by a 15mm x 6mm area of air to simulate
the experiment's open configuration.

Figure 16. Simulation Geometry
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The Creeping Flow interface in COMSOL Multiphysics models the weakly
compressible flow of the fluids in the model (water and air). Nodes are defined to
model gravity, the open boundary around the simulation window, the contact angle
between the film and droplet (Wall-Fluid Interface 1, see Figure 17), and filmdroplet boundary condition. The Navier slip condition is chosen as the most
accurate boundary condition, and a slip length of 43nm, taken from literature
utilizing atomic force microscopy to measure the slip length of hydrophobic films
[16], is imposed.

Creeping Flow Nodes

Gravity Node, G = 9.8

0 Normal Stress Condition (Open Boundary 1)

Droplet - Film Interface Boundary Condition

Figure 17. Young-Lippman Model Creeping Flow Module
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The applied potential difference to the electrodes is modeled using the
Electric Currents module. A ground condition is imposed on the side electrodes,
while the desired voltage is applied to the center electrode.

Ground Condition on Side Electrodes

Potential on Center Electrode (V = 50 - 330 V)

Figure 18. Young-Lippman Model Electric Currents Module

Simulation Setup (Maxwell Stress Tensor Model)
The setup of the Maxwell stress tensor simulation was identical to that of the
Young-Lippman simulation, with the only differences being a fixed contact angle
and an added volume force. In the electric currents module, a Force Calculation
Node was added to the droplet geometry to calculate the electrostatic forces on the
droplet using the Maxwell stress tensor. In the Creeping Flow module, the WallFluid Interface was modified to set the contact angle of the droplet equal to the
water-solid contact angle of the film being simulated. Finally, a Volume Force node
was added to apply the uniform force computed by the Force Calculation node to
the droplet.
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The Maxwell stress tensor defines the force on the boundary of the droplet
and air, so the force was averaged over this boundary’s length and divided by the
area of the droplet to obtain the correct units. Figure 19 shows the final equations
inputted into the Volume Force node.

Figure 19. Maxwell Stress Tensor Model Volume Force Node
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METHODS
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OpenDrop Fabrication
Though many iterations of the OpenDrop have been fabricated at Cal Poly,
none have functioned and successfully demonstrated droplet motion. This is largely
attributed to PCB manufacturing errors, the latest of which included incorrectly
fabricated USB-C headers and bridged electrodes (refer to Figure 20).

Bridged OpenDrop Electrodes

Correctly Fabricated OpenDrop Electrodes

Figure 20. OpenDrop Electrodes
The latest iteration is the first successful fabrication of the device. The
fabrication steps for this version are shown in Figure 21. First, the bare PCB was
cleaned with isopropanol and covered with solder paste through a stencil. The
various components were placed by hand on the board, which was subsequently
baked in a reflow oven at ~250 C. The components on the front of the device were
then soldered, and the finished device assembled with standoffs and an OLED
display. On its first power-up, the device displayed much better results than past
iterations, responding to the joystick and providing feedback on the display.
34

However, the electrodes did not immediately actuate, which was traced back
to a lack of clock and data signals to the high voltage shift registers. This was
caused by nonfunctional optocouplers which isolate these critical signals from the
high voltage supply lines on the board as well as noise. These ICs are highly
temperature sensitive and should not have been baked with the other components.
They were replaced by hand, resulting in a functional device.

35

Figure 21. OpenDrop V3.2 Fabrication
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Experimental Setup
The OpenDrop is prepared for experimental use through a series of cleaning
steps and applications of oil and dielectric film (see Figure 22). First, the electrodes
are cleaned with isopropanol and a lint-free wipe. 10µL of peanut oil is then
dispensed and evenly spread across the surface to prevent air bubbles between the
electrodes and dielectric. A dielectric film such as polyethylene (saran wrap) is
then carefully applied to ensure the minimum distance between the electrodes and
droplet. Finally, another 10µL of peanut oil is applied to the surface of the
polyethylene to make it hydrophobic. The device is ready for use at this stage.

When the ETFE foil is used as the dielectric layer, the peanut oil must be
substituted with mineral oil. Additionally, no oil is applied to the top of the film as
the AGC Fluon ETFE films used in this project already have a hydrophobic surface
coating. Despite this coating and a large droplet contact angle, however, droplet
motion was far less consistent on the ETFE than on the polyethylene. This can
likely be rectified through a spin-coated surface coating of FluoroPel [17], a
hydrophobic and oleophobic nano coating, on top of the ETFE. Peanut oil was
tested on top of the ETFE but did not yield worthwhile results.
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Step 1: Apply 10µL of Oil to Electrodes

Step 2: Apply Dielectric Film (Polyethylene Shown)

Step 3: Dispense and Apply 10µL of Oil

Step 4: Use Device to Move Droplets

Figure 22. OpenDrop Experimental Setup
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Velocity Measurement
Velocity measurements on the droplets were made using 240fps video
recorded from an iPhone XS. The number of frames required for the droplet to
move from one edge of the electrode to the halfway point of the next electrode was
measured (see Figure 23), and used to determine the average velocity of the droplet
along its path. This can be described using the following equation…
v=

delectrode
2.75 mm / 2
=
frames
tedge
240 fps

Frame 0

Frame 3

Frame 7

Frame 14

Figure 23. Example Droplet Velocity Measurement (300 V)
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Films
The coated 12µm ETFE films obtained from AGC Chemicals displayed
varied hydrophobicity between their two sides (see Figure 24). To ensure
maximum droplet motion, the films were consistently applied with the coated side
on top, such that droplets were dispensed on the most hydrophobic surface of the
films. As described earlier, a thin layer of mineral oil was applied between the
electrodes and the ETFE films.

12µm ETFE Film Coated Side

12µm ETFE Film Non-Coated Side

Figure 24. ETFE Film Water Contact Angles
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RESULTS & ANALYSIS
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Actuation Voltage
Due to the limits of the digital potentiometer IC and high voltage generation
circuit, the OpenDrop V3 has a theoretical voltage range from 135.43 to 332.38 V.
Accounting for component tolerances, I restricted actuation to 150 - 300 V. As
shown in Figure 25, the display shows a real-time reading of the electrode voltage.
This value generally hovers around the selected voltage (300 V in this case),
fulfilling this functional test.

Figure 25. Electrode Voltage Reading at 300V Setting
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Droplet Velocity

Figure 26. Droplet Velocity Results

The data obtained on the OpenDrop platform generally matched with our
simulations of the Young-Lippman model. As shown in Figure 26, at 300 V, the
velocity is nearly the same for both of the simulations and the ETFE film. It is
slightly lower for the polyethylene film, but within 25% error. Observing the entire
tested voltage range, the velocities measured on the ETFE film are slightly closer
to their simulated counterparts, and within 50% error at each data point. Also
included in Figure 26 are the results of a prior paper that took similar droplet
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velocity measurements on the previous iteration of the OpenDrop, the V2 [18]. The
reported velocities in this paper were much lower for the ETFE film (plotted),
thought they were considered across only the 100 µm gap between the electrodes.
Given this critical difference in measuring methodology, my results cannot be
directly compared to this paper.

The slower speeds on the polyethylene could’ve been caused by an overly
thick application of peanut oil. As this application is done by hand with a set
amount of dispensed oil, it is difficult to control the uniformity or thickness of the
oil. Thus, some variation was also observed in the droplet velocity between film
applications. This might be rectified using a more precise process such as spincoating, though I was not able to test this hypothesis given limited access to the
micro-fabrication facility.

Maxwell Stress Tensor Model
During the experimental tests on the OpenDrop, I observed that small
droplets did not move to an adjacent electrode unless a portion of the fluid was
already touching that electrode. Thus, I ran simulations with this case, and
observed no movement when using the Young-Lippman model. However, with the
Maxwell stress tensor model, the electromagnetic potential on the adjacent
electrode still induced a force on the droplet and caused it to move over time (refer
44

Figure 27). As such, I conclude that our initial hypothesis is disapproved and that
droplet motion is directly caused by the electrowetting effect and contact angle
change of the droplet. However, this does not mean that better accuracy cannot be
achieved by combining general EM forces on the droplet with the Young-Lippman
model.

Figure 27. Maxwell Stress Tensor Model Results
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CONCLUSION

46

This project succeeded in fabricating the first successful iteration of the
OpenDrop digital microfluidics platform for use in Cal Poly’s electrical and
biomedical engineering departments. Additionally, I was able to collect a usable
dataset of droplet velocities at various actuation voltages for two different
dielectric film setups. Comparing this dataset to a prior simulation model for
electrowetting on this setup, results were found to generally match with under 50%
error with the ETFE film setup. Larger error was observed with the polyethylene
film, likely due to the non-uniform layer of peanut oil on top of the film. In terms
of the Maxwell stress tensor simulation model, physical observations disproved our
initial hypothesis and showed that droplet motion is directly caused by a change in
contact angle between the surface and droplet.

Future work can examine a simulation model where the Young-Lippman
equation is combined with general electromagnetic forces on the droplet.
Additionally, there is room to test more films and hydrophobic coatings. Silicone
oil (PDMS) is a common hydrophobic coating, along with a spin-coating of
FluoroPel. In terms of dielectric films, PTFE and Parafilm are yet to be tested and/
or successfully used to observe droplet motion on our device. Different film and oil
combinations may provide higher velocities than those observed in this project.
Finally, the fabricated device is yet to be used to run an ELISA, its original
purpose.
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Appendix 1: Collected Simulated and Experimental Data
Voltage

Time to Move 1/2 Electrode

Velocity

50 V

803 ms

1.67 mm/s

100 V

225 ms

10.96 mm/s

150 V

103 ms

13.41 mm/s

200 V

70 ms

19.64 mm/s

240 V

58 ms

23.71 mm/s

300 V

48 ms

28.65 mm/s

330 V

44 ms

31.61 mm/s

Table 8. Young-Lippman Model Simulated Results (ETFE)

Voltage

Time to Move 1/2 Electrode

Velocity

150 V

102 ms

13.41 mm/s

200 V

76 ms

18.21 mm/s

240 V

62 ms

22.18 mm/s

270 V

55 ms

25.23 mm/s

300 V

48 ms

28.65 mm/s

Table 9. Young-Lippman Model Simulated Results (Polyethylene)
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Figure 28. Simulated Droplet Velocities

Voltage

Time to Move 1/2 Electrode

Velocity

150 V

125 ms

11 mm/s

200 V

102 ms

13.47 mm/s

240 V

77 ms

17.84 mm/s

270 V

58 ms

23.57 mm/s

300 V

48 ms

28.69 mm/s

Table 10. Experimental Droplet Velocity (ETFE)
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Voltage

Time to Move 1/2 Electrode

Velocity

150 V

189 ms

7.25 mm/s

200 V

135 ms

10.15 mm/s

240 V

89 ms

15.35 mm/s

270 V

73 ms

18.86 mm/s

300 V

60 ms

22.76 mm/s

Table 11. Experimental Droplet Velocity (Polyethylene)

Figure 29. Experimental Droplet Velocities
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Appendix 2: Ethics & Impacts
Health and Safety:
Though likely to be only used in Cal Poly’s labs by generally trained student
researchers and professors, this project comes with some health and safety
concerns. Given that the bare electrodes output very high voltages, easily capable
of shocking the user, detailed safety instructions and warnings are provided with
the device or by the person overseeing its use.

Sustainability:
The OpenDrop has a robust design and uses high-quality components which
are unlikely to fail quickly; as such, it has a long expected life cycle. Additionally,
given its external power source and thus lack of any batteries, it does not contain
any parts that would require regular replacement or produce recurrent e-waste.
Though peripheral to the device, the dielectric films used will produce some waste.

Environmental:
Despite its generally sustainable design, the OpenDrop will produce some ewaste at the end of its life and the precious metals used in its production will have
some environmental effects. Primarily, the handling of used electronics and ewaste can result in the leaching of some toxic materials into the environment [14].
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Operation and Manufacturing:
The only operating costs associated with the OpenDrop come from the cost
of electricity and dielectric films used. If more devices are to be manufactured at
Cal Poly, the estimated manufacturing cost for each device is expected to be under
$300, with the only outsourced component being the PCB.
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Appendix 3: FMEA

Figure 30. Failure Modes and Effects Analysis
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